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Summary 
Membrane fusion resulting in neurotransmitter secre- 
tion forms the basis of neural communication. Three 
multimeric complexes of the protein syntaxin are im- 
portant in this process: syntaxin and n-secl ; syntaxin, 
VAMP, and SNAP-25; and syntaxin, VAMP, SNAP-25, 
~SNAP, and NSF (20S complex). In this report, we dem- 
onstrate that unique, yet overlapping, domains of syn- 
taxin are required to form these complexes. The forma- 
tion of higher order heteromultimers has a set of 
structural requirements distinct from those required 
for dimeric interactions. Dissociation of the 20S com- 
plex by NSF following ATP hydrolysis requires amino- 
terminal regions of syntaxin that are outside of the 
binding domains for the 20S constituent proteins. 
These data are consistent with the hypothesis that 
conformational changes in syntaxin, resulting from 
protein-protein interactions and ATP hydrolysis by 
NSF, mediate neurotransmitter release. 
Introduction 
Communication between neurons is achieved through the 
regulated release of neurotransmitters at the synapse. 
This process is governed by an intricate pathway of mem- 
brane trafficking in the presynaptic nerve terminal. In the 
last several years, many of the proteins important in medi- 
ating synaptic vesicle trafficking have been characterized 
(Bennett and Scheller, 1994; Jahn and SLidhof, 1994). Bio- 
chemical, genetic, and physiological studies of these mol- 
ecules have led to a proposed pathway that may corre- 
spond to aspects of docking, activation, and fusion of 
synaptic vesicles with donor membranes (SSIIner et al., 
1993a, 1993b; Pevsner et al., 1994a, 1994b). Modification 
of this pathway may be important in altering synaptic 
strength, a proposed mechanism of learning. 
Briefly, the model proposes that two proteins on the syn- 
aptic vesicle, VAMP/synaptobrevin and synaptotagmin 
(vSNARE), interact with two molecules on the plasma 
membrane, SNAP-25 and syntaxin (tSNAREs), to form a 
7S complex. Syntaxin is proposed to be associated with 
a soluble protein, n-secl, prior to and perhaps during for- 
mation of the 7S complex. Formation of this compiex is 
hypothesized to be a critical step in the docking and/or 
fusion of vesicles with their appropriate target mem- 
branes. Another complex is generated as two soluble pro- 
teins, (~SNAP and NSF, are added to the 7S particle. The 
addition of these components is accompanied by a corre- 
sponding loss of synaptotagmin, resulting in a 20S particle 
composed of VAMP, SNAP-25, syntaxin, (~SNAP, and 
NSF (S611ner et al., 1993a). Though the precise stoichiom- 
etry of the components in this complex is not known, it is 
likely that single molecules of VAMP, syntaxin, and SNAP- 
25 associate with multiple copies of (zSNAP and NSF. Hy- 
drolysis of ATP by NSF dissociates the complex, leading 
to membrane fusion through an unknown number of inter- 
mediates (for review, see Scheller, 1995 [this issue of 
Neuron]). 
Three of the 7S particle components, VAMP, SNAP-25, 
and syntaxin, are substrates for clostridial neurotoxin pro- 
teases, confirming their importance in the secretory pro- 
cess (Schiavo et al., 1993; Niemann et al., 1994). These 
three molecules, as well as n-secl, (~SNAP, and NSF, are 
homologous to yeast proteins that are involved in Golgi 
to plasma membrane vesicle trafficking. Since these pro- 
teins appear to be at the heart of the vesicle docking and/ 
or fusion apparatus, it is important o understand the inter- 
actions that mediate formation of these sets of complexes. 
Furthermore, the specific protein-protein interactions re- 
sponsible for the formation of these complexes are likely 
to be those that contribute to the specificity of vesicle tar- 
geting and fusion. 
Recently, regions of syntaxin involved in its interaction 
with some protein components of the above-mentioned 
complexes have been identified. A large region of syn- 
taxin, including the amino terminus, has been found to be 
critical for binding n-secl (Pevsner et al., 1994b). A domain 
of syntaxin just amino-terminal to the membrane anchor, 
encompassing amino acids 199-288, has been found to 
bind VAMP (Calakos et al., 1994). Similarly, the binding 
site of SNAP-25 on syntaxin has been delineated to the 
same domain, including amino acids 199-243 (Chapman 
et al., 1994). In addition, VAMP, syntaxin, and SNAP-25 
are also found to bind each other in a pairwise fashion 
(Pevsner et al., 1994a; Hayashi et al., 1994). The amino 
terminus of SNAP-25 is thought to interact with VAMP 
(Hayashi et al., 1994; Chapman et al., 1994). Furthermore, 
the heterotrimeric complex of VAMP, syntaxin, and SNAP- 
25 is stabilized with respect to the dimeric interactions 
(Pevsner et al., 1994a; Hayashi et al, 1994). Based on 
analysis of the amino acid sequences, it is predicted that 
at least some of the protein-protein interactions between 
VAMP, SNAP-25, and syntaxin are mediated via their 
coiled-coil domains. This hypothesis has not yet been 
tested, and little is known about the site on syntaxin re- 
quired for the association with (zSNAP, another protein 
predicted to have coiled-coil domains. It is particularly im- 
portant to understand the molecular basis of the (~SNAP 
interactions with the 7S complex, since this protein is re- 
quired for the addition and likely the function of NSF in 
the 20S vesicle fusion particle. An understanding of the 
basic membrane fusion process is critical for further stud- 
ies of the Ca 2+ regulation of neurotransmitter release. 
To understand further the molecular interactions that 
mediate formation of these complexes, we have studied 
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Figure 1. aSNAP Binds Syntaxin and SNAP-25 
(A) The binding of ~SNAP to GST, syntaxin, VAMP, andSNAP-25. 
GST fusion proteins were incubated with ~SNAP, and the bound ma- 
terial was fractionated by SDS-PAGE and visualized by Western 
blotting. 
(B) Titration of ~SNAP binding to syntaxin fusion protein. Syntaxin 
(0.30 ~M) is present in all of the reactions, and increasing amounts 
of ~SNAP were added as indicated. 
(C) Titration of aSNAP binding to SNAP-25 fusion protein. SNAP-25 
(0.38 ~M) is present in all of the reactions, and increasing amounts 
of aSNAP were added as indicated. 
the binding of n-secl, SNAP-25, VAMP, and ~SNAP to 
various syntaxin constructs. Amino- and carboxy-terminal 
deletions of syntaxin, as well as various point mutations, 
were constructed and expressed in bacteria as glutathi- 
one-S-transferase (GST) fusion proteins. The binding of 
soluble n-secl, VAMP, SNAP-25, aSNAP, and NSF to 
these GST fusion proteins of syntaxin constructs was ana- 
lyzed. The specific domains of syntaxin that mediate as- 
sembly and NSF-induced dissociation ofthe proposed 20S 
docking/fusion complex have also been defined. These 
data provide a better understanding of the protein-protein 
interactions that mediate vesicle docking and fusion. 
Results 
Syntaxin Binding Sites for Multiple Components 
of Membrane Fusion Complexes 
Upon addition of ~SNAP, NSF, and ATPyS to brain ex- 
tracts, a 20S particle is formed including these three mole- 
cules as well as VAMP, syntaxin, and SNAP-25. The com- 
plex is dissociated upon ATP hydrolysis by NSF (SSllner 
et al., 1993a, 1993b). The 20S complex is proposed to 
represent a state of the docked synaptic vesicle, and ATP 
hydrolysis by NSF may promote membrane fusion through 
an unknown number of intermediates. To understand bet- 
ter the requirements for the formation of this complex, 
VAM P, syntaxin, and SNAP-25 fusion proteins were t sted 
for their ability to bind aSNAP. Significant binding of 
(zSNAP to syntaxin and SNAP-25, but not to VAMP, was 
observed (Figure 1A). Titration studies demonstrated that, 
under our binding conditions, the affinity of ~SNAP for 
syntaxin is at least 10-fold higher than for SNAP-25 (Fig- 
ures 1 B and 1C). These data suggest that perhaps multiple 
(zSNAP proteins can be added to the 20S complex through 
its independent binding sites on both SNAP-25 and syn- 
taxin. 
To begin to understand the structural requirements for 
assembly of the vesicle fusion particle, a series of syntaxin 
deletion and point mutants was constructed. The regions 
of syntaxin required for its binding to n-secl, VAMP, 
SNAP-25, and ~SNAP were determined through binding 
experiments to the syntaxin deletion mutants. Expression 
of a series of GST fusion protein constructs in bacteria 
followed by binding of bacterial lysates to glutathione col- 
umns resulted in an efficient production and purification 
of these molecules. Each of the syntaxin constructs pro- 
duced a protein that migrated at the expected molecular 
weight when analyzed by SDS-polyacrylamide gel electro- 
phoresis (SDS-PAGE; data not shown). Recombinant 
VAMP, SNAP-25, ~SNAP, and n-secl were produced as 
previously described (Pevsner et al., 1994a; Calakos et 
al., 1994), and each of these proteins was used as a ligand 
to study its binding to various syntaxin deletions. To assay 
the binding, the GST fusion proteins of syntaxin deletion 
mutants were immobilized on glutathione beads and incu- 
bated with the ligands, followed by several washes to re- 
move any unbound protein. The proteins were then dena- 
tured and fractionated by SDS-PAGE, and the bound 
n-secl, VAMP, SNAP-25, or (zSNAP was detected by 
Western blotting (Figure 2). Quantitation of these and of 
subsequent binding studies is presented in Experimental 
Procedures. An interesting pattern of binding sites was 
revealed through this analysis. The full-length syntaxin, 
either with (amino acids 4-288; data not shown) or without 
(amino acids 4-266; Figure 2, syn 1A l l )  the membrane 
anchor bound to n-secl, VAMP, SNAP-25, and ~SNAP. 
As the protein was deleted from the carboxy-terminal end, 
a progressive loss of binding sites was observed. For ex- 
ample, deletion of amino acids 241-266 (syn 1A17) re- 
sulted in the loss of VAMP binding. Similarly, deletion of 
the next amino-terminal domain corresponding to amino 
acids 222-240 (syn 1A13) resulted in a loss of ~SNAP 
and n-secl binding. Further loss of amino acids 191-221 
(syn 1A6) eliminated all binding, as did further upstream 
deletions from the carboxy-terminal end of syntaxin (syn 
1A4 and syn 1A5). The region of syntaxin adjacent to the 
membrane anchor (amino acids 191-266; syn 1A16) con- 
tains the binding sites for VAMP, SNAP-25, and aSNAP, 
while n-secl did not bind this fragment. These data, there- 
fore, define four overlapping binding sites. SNAP-25 bind- 
ing required amino acids 191-221, ctSNAP binding re- 
quired amino acids 191-240, VAMP binding required 
amino acids 191-266, and n-secl binding required amino 
acids 4-240. 
The syntaxin homologs in yeast, Ssolp and Sso2p, are 
plasma membrane proteins involved in Golgi to plasma 
membrane transport (Aalto et al., 1993). Comparison of 
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Figure 2. Binding of VAMP, aSNAP, SNAP- 
25, and n-secl to Syntaxin 
A schematic diagram of the syntaxin 1 a protein 
is illustrated, including three regions predicted 
to be in helical conformations (H1, H2, and H3). 
These domains may participate inprotein-pro- 
tein interaction th rough their coiled-coil motifs. 
The membrane anchor is illustrated (striated 
area). Syntaxin domains required for binding 
SNAP-25 (A), aSNAP (B), VAMP (C), and n-secl 
(D) are indicated above the syntaxin diagram. 
The extents of the deletion constructs are illus- 
trated and numbered according to Bennett et 
al. (1992). Binding of the four tigands, SNAP-25, 
ctSNAP, VAMP, and n-secl, is illustrated for 
each syntaxin construct. 
the amino acid sequences of Ssolp and syntaxin demon- 
strates that the H3 region is the most highly conserved 
region shared between these two distantly related proteins 
(Figure 3). This domain is predicted to be a helical region 
capable of protein-protein interaction through its coiled- 
coil motif (Hardwick and Pelham, 1992). The a and d sites 
of the helix are highly conserved from yeast to mammals, 
and these are the regions that are usually most important 
in forming coiled coils (Figure 3). At the d site, 10 out of 
11 residues are conserved, whereas at the a site, 6 out 
of 11 residues are conserved. Other sites of the helix have 
between 2 (f position) and 6 (e position) residues in com- 
mon with the yeast protein. This most highly conserved 
region of syntaxin is also the domain for its binding to 
n-secl, VAMP, SNAP-25, and ~SNAP. The VAMP, ~SNAP, 
and SNAP-25 proteins are also predicted to have helical 
domains, suggesting that protein-protein interactions 
through their coiled-coil motifs may mediate the binding 
of these proteins to syntaxin. 
To test this hypothesis, a series of point mutations was 
made in residues along the predicted hydrophobic face 
of the coiled-coil motifs of the H3 region (Figure 4). The 
mutant syntaxin constructs were also expressed as GST 
fusion proteins, and their binding to VAMP, SNAP-25, 
ctSNAP, and n-secl was assayed as described above. 
Surprisingly, none of the point mutants completely elimi- 
nated the binding of SNAP-25 to syntaxin (Figure 4). In 
two of the constructs (mutants 12 and 13), however, the 
level of binding was significantly reduced. These con- 
structs contained four point mutations within the domain 
determined to be required for SNAP-25 binding to syntaxin 
by deletion analysis. In dramatic contrast, all of the point 
mutations eliminated the binding of VAMP to syntaxin. 
This is perhaps to be expected, since the deletion analysis 
demonstrated that the entire H3 region is required for bind- 
ing VAMP. Thus, VAMP binding to syntaxin is very sensF 
tive to the conformation of the H3 region and the amino 
acid sequence at the a and/or d sites of the helix, whereas 
SNAP-25 binding is comparatively insensitive to these 
same structural features. 
A more complex pattern was observed for aSNAP bind- 
ing to the syntaxin mutants. In most constructs ~SNAP 
binding was eliminated, with the exception of the wild type 
and the double mutant (mutant 6) at positions 240 and 
244 (Figure 4). This is expected since residues 240 and 
244 are outside the syntaxin binding site for c~SNAP, as 
determined from the deletion analysis. The association of 
n-secl with syntaxin was particularly sensitive to muta- 
tions at positions 230 and 233 (mutant 5). The syntaxin 
double mutants 13 and 45 also reduced or abolished 
n-secl binding (Figure 4). Overall, the binding profile sug- 
gests that amino acids between 212 and 233 are important 
for the binding of syntaxin to n-secl (mutants 5, 13, and 
45; Figure 4). Thus, the point mutation data are consistent 
with the deletion mutant analysis, confirming the four over- 
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Figure 3. A Major Binding Domain of Syntaxin Is Highly Conserved 
and May Participate in Protein-Protein Interaction through Its Pre- 
dicted Coiled-Coil Motif 
A plot of the number of residues conserved between syntaxin la and 
yeast Ssolp is shown for 10 amino acid windows along the syntaxin 
la sequence. Note that the domain between amino acids 191 and 266 
is highly conserved with respect to the rest of the protein. A helical 
plot of the H3 region illustrates a hydrophobic face of the heptad repeat. 
Amino acids are illustrated for the a and d positions. The residues in 
boldface are those that are conserved in the yeast Ssolp. Some of 
these amino acids were mutated to investigate their contribution to 
the formation of complexes between syntaxin and other proteins ( ee 
Figure 4). 
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Figure 4. Syntaxin Point Mutations Define the 
Critical Residues for Protein-Protein I terac- 
tions 
The binding of SNAP-25, ~SNAP, VAMP, and 
n-secl to ten syntaxin point mutants and the 
wild-type protein s illustrated. The a sites 
(amino acid numbers 202, 209, 216, etc.) and 
d sites (amino acid numbers 198, 205, 212, 
etc.) of the heptad repeats are indicated on the 
amino acid sequence. The binding domains 
determined from the deletion analysis are 
shown above the sequence. 
lapping binding domains for VAMP, SNAP-25, ~SNAP, 
and n-secl on syntaxin. 
Two recent studies have demonstrated that the hetero- 
trimeric complex between syntaxin, SNAP-25, and VAMP 
is dramatically stabilized compared with the dimeric inter- 
actions (Pevsner et al., 1994a; Hayashi et al., 1994). To 
investigate the syntaxin sequence necessary to form this 
stable complex, we incubated both VAMP and SNAP-25 
with the syntaxin point mutants. Formation of a SDS- 
resistant complex requires the addition of both VAMP and 
SNAP-25 to syntaxin beads, and the complex is not formed 
on GST beads (Hayashi et al., 1994). Surprisingly, all syn- 
taxin point mutants formed an SDS-resistant complex with 
VAMP and SNAP-25 (data not shown), suggesting that the 
mutations can be overcome by the added stability resulting 
from the heterotrimer formation. An alternative xplana- 
tion might be that the SDS-resistant complex formed as the 
result of nonspecific aggregation of the partially denatured 
proteins. 
Formation and Dissociation of the 20S Complex 
Further experiments on the 20S complex were conducted 
with the hope of beginning to define the biochemical pro- 
cess of membrane fusion. To understand further the re- 
quirements for the formation and dissociation of the 20S 
complex, we assembled the particle from purified recombi- 
nant proteins. The cytoplasmic domain of syntaxin was 
expressed as a GST fusion protein and bound to glutathi- 
one-agarose beads. When bacterially expressed recom- 
binant VAMP and SNAP-25 were added to the GST-syn- 
taxin beads, a heterotrimeric omplex was formed as 
discussed above (Pevsner et al., 1994a). Further addition 
of recombinant NSF and ~SNAP in the presence of nonhy- 
drolyzable ATP (either ATPTS or ATP/EDTA) resulted in 
the formation of the heteropentameric complex (Figure 5; 
Figure 6, syn 1Al l ) .  Thus, the purified components of 
the 20S complex were sufficient for the assembly of the 
particle; no accessory factors were required under these 
conditions. When Mg 2+ was added, the complex was disso- 
ciated in the presence of ATP but not ATPTS. Approxi- 
mately 80%-90% of VAMP, 70%-90% of ~SNAP, and 
40°/0-80% of NSF dissociated from syntaxin following 
ATP hydrolysis by NSF (as determined from densitometry; 
see Experimental Procedures). However, about 90% of 
SNAP-25 still remained associated with the GST-syntaxin 
beads. These results are similar to the dissociation of the 
20S complex formed between recombinant ~SNAP, NSF, 
and detergent-solu bilized brain extracts. Under these con- 
ditions all protein components were dissociated from the 
complex, although the removal of aSNAP was not com- 
plete (S611ner et al., 1993a, 1993b). These minor discrep- 
ancies may be due to differences in experimental condi- 
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Figure 5~ Assembly and Disassembly of a Complex between VAMP, 
Syntaxin, SNAP-25, aSNAP, and NSF 
The full-length cytoplasmic domain of syntaxin (syn 1A11) was fused 
to GST, expressed in E. coli, and immobilized on glutathione beads. 
GST alone was immobilized onto glutathione beads as a control. 
VAMP, syntaxin, ~SNAP, NSF (all at 2 pM), and SNAP-25 (1 p.M) were 
incubated with the beads inthe presence of EDTA and either ATPTS 
or ATP to allow formation of the 20S complex. Following the incubation, 
Mg 2+ was added to the reactions to promote the dissociation of the 
formed complex. Bound proteins were detected by Western blotting. 
A small amount ofnonspecific binding of NSF to the GST beads was 
observed in this experiment. 
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Figure 6. Assembly and Disassembly of the 
20S Particle Requires the Full Cytoplasmic Do- 
main of Syntaxin 
The GST fusion proteins of wild type or deletion 
mutants of syntaxin were immobilized on glu- 
tathione-agarose beads and incubated with 
soluble recombinant VAMP and SNAP-25, 
(:(SNAP, and NSF, in the presence of either 
ATP or ATPyS. The complexes were allowed 
to form and dissociate under the conditions de- 
scribed in Experimental Procedures. Unbound 
proteins were eluted, and the levels of bound 
NSF, ~SNAP, SNAP-25, and VAMP were de- 
tected by Western blotting. The amount of 
GST-syntaxin fusion protein in each experi- 
ment was visualized by Ponceau S staining as 
shown in the syntaxin lane. 
tions. Another possibility is that proteins or lipids that are 
present in the brain extracts, yet are not actual compo- 
nents of the 20S complex, may be necessary for SNAP-25 
dissociation from syntaxin upon ATP hydrolysis. 
We further studied the syntaxin domain requirements 
for the formation and hydrolysis of the 20S complex using 
the syntaxin deletion mutants. As expected, deletion mu- 
tants of the H3 region in syntaxin, constructs 1A5 (data 
not shown) and 1A6 (Figure 6), did not bind any of the 
components. Deletion mutant syn 1A13, encompassing 
syntaxin residues 4-221, contains only the SNAP-25 bind- 
ing site. When the four components VAMP, SNAP-25, 
aSNAP, and NSF were tested for their binding ability, both 
VAMP and SNAP-25 associated with this syntaxin deletion 
mutant, while no aSNAP and very little NSF add to the 
complex (the amount of NSF bound to GST-syn 1A13 
was comparable to that bound to GST alone). This profile 
demonstrates that the complete region necessary for 
VAMP binding in the dimeric binding assay is not neces- 
sary in the presence of SNAP-25. In contrast, the (~SNAP 
binding domain is not present in this syntaxin deletion 
mutant and, as a result, no association of (:(SNAP and a 
background level of NSF binding were observed. Further 
addition of the residues between 221 and 240 (deletion 
mutant syn 1A17) allowed ctSNAP and NSF to be added 
to the complex. However, dissociation of this complex in 
the presence of ATP and Mg 2÷ was incomplete. Approxi- 
mately 300 ,25%,  0% , and 0% of NSF, ~SNAP, SNAP- 
25, and VAMP, respectively, dissociated from syn 1A17~ 
In a similar fashion, the H3 domain construct, spanning 
residues 191-266 (deletion mutant 16), formed a complex 
that was not competent for dissociation. Approximately 
11% , 0% , 50 , and0% of NSF, aSNAP, SNAP-25, and 
VAMP, respectively, dissociated from syn 1A16 in the 
presence of ATP and Mg 2+. Formation and hydrolysis oc- 
curred only when the complex was formed on the syn 1A11 
protein, which contains the full-length cytoplasmic domain 
of syntaxin (Figure 5; Figure 6). These data are consistent 
with the binding site analysis and further demonstrate that 
amino-terminal domains, which are not needed to form 
the complex, are required for its dissociation. The lack 
of disassembly could be caused by an inhibition of ATP 
hydrolysis by NSF. A more likely explanation may be that 
the conformational changes necessary to dissociate 
VAMP, syntaxin, and SNAP-25 are not generated in these 
syntaxin deletion mutants, even though ATP hydrolysis 
does occur. 
Discussion 
Synaptic transmission, like all forms of vesicular traffick- 
ing, relies on a pathway of protein assembly and disassem- 
bly that governs specific targeting of donor vesicles to their 
accepter sites and leads to membrane fusion. While a 
number of protein complexes important in targeting and/ 
or fusion have been identified, the precise function of these 
complexes, the mechanism of complex assembly and dis- 
assembly, and the tertiary interactions that mediate these 
biochemical interactions are not yet known. Here we show 
that, like many other proteins involved in vesicular traffick- 
ing, eSNAP binds to syntaxin and, with a lower affinity, 
to SNAP-25 as well. These interactions are consistent with 
earlier reports which demonstrated that (~SNAP cross- 
linked to a 35 kDa membrane protein (Wilson et al., t992). 
Thus, four components of the synaptic vesicle trafficking 
pathway bind to syntaxin. These proteins are VAMP from 
the vesicle, SNAP-25 from the accepter membrane, and 
two soluble factors, n-secl and (zSNAP. These data sup- 
port the original suggestion that syntaxin is the receptor 
for vesicles and the naming of the protein from the Greek 
word syntax, meaning putting together inan ordered fash- 
ion (Bennett et al., 1992). 
How do these four components bind to syntaxin and 
what is the physiological significance of their binding? 
n-secl is the only protein that has been shown to require 
amino-terminal domains of syntaxin for its binding. In addi- 
tion, n-secl is not observed as a component of the 7S or 
20S complexes, and n-secl binding to syntaxin inhibits 
the interaction of other proteins with syntaxin, including 
VAMP and SNAP-25 (Pevsner et al., 1994a, 1994b). While 
n-secl is not predicted to have coiled-coil domains, the 
H3 region of syntaxin is required for its binding. Perhaps 
the binding of n-secl destabilizes helical conformations 
thought to be necessary for the interactions with other 
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proteins, or masks syntaxin binding domains by steric hin- 
drance. However, the binding of n-secl to syntaxin is sen- 
sitive to changes in residues at the a and/or d positions 
of the predicted heptad repeats of the third helix. In earlier 
studies, the amino-terminal region of syntaxin was shown 
to bind the carboxy-terminal domain of syntaxin, and this 
interaction blocks VAMP binding (Calakos et al., 1994). A 
possible explanation for the data would be that the n-secl 
protein binds and stabilizes an intramolecular protein-pro- 
tein interaction formed between the amino-terminal (H1 
and H2) and Carboxy-termina (H3) domains of syntaxin. 
If this were the case, both amino- and carboxy-terminal 
domains of syntaxin would be required for binding n-secl, 
and this binding would prevent the interaction of other 
proteins with the H3 helix. Regardless of the precise mech- 
anism, the data remain consistent with the idea that the 
syntaxin-n-secl heterodimer is distinct from the com- 
plexes that involve VAMP, SNAP-25, aSNAP, and NSF 
(Pevsner et al., 1994a). Since syntaxin is found to reside 
along the plasma membrane both at the active zone and 
outside of this region, it is attractive to hypothesize that 
n-secl is involved in regulating the availability of syntaxin 
for the formation of docking and fusion complexes. 
The binding sites for VAMP, SNAP-25, and aSNAP are 
all contained within amino acids 191-266 of syntaxin. 
These 76 residues contain unique but overlapping do- 
mains that have been defined as the minimally required 
binding sites for these three molecules. All of the point 
mutant analyses are consistent with the deletion mutant 
studies. ~SNAP and VAMP are very sensitive to mutations 
at the a and d sites of the predicted coiled-coil motif in 
the third helix of syntaxin, whereas SNAP-25 is relatively 
insensitive to mutation at those residues. The affinity of 
VAMP for syntaxin in the absence of SNAP-25 is in the 
several micromolar ange, and thus it is not surprising that 
relatively minor perturbations in the syntaxin sequence 
disrupt the binding. These data also suggest that the asso- 
ciation of SNAP-25 with syntaxin may not be fully depen- 
dent on the interaction between two hydrophobic faces (a 
and d sites) of coiled-coil structures. Since ~SNAP is a 
protein thought to act at many stages of the secretory 
pathway, it was not expected that its binding to syntaxin 
would be so dependent on syntaxin primary sequence. 
The addition of NSF, ~SNAP, and nonhydrolyzable ATP to 
brain extracts results in the formation of a heterogeneous 
series of particles that migrate at about the 20S region in 
glycerol gradients. Analysis of these particles on SDS- 
polyacrylamide gels suggests that multiple copies of 
aSNAP and NSF may be added to the complex (S611ner 
et al., 1993b). Therefore, it is possible that the addition of 
~SNAP to the docked complex may require less specific 
features than those determined by the sequence of syn- 
taxin. The precise nature of these features and the com- 
monality between complexes at multiple stages of the se- 
cretory pathway that allows the diverse action of ~SNAP 
and NSF remain to be determined. 
Distinct vSNARE and tSNARE complexes formed be- 
tween the above-mentioned molecules are thought o me- 
diate endoplasmic reticulum to Golgi and synaptic vesicle 
to presynaptic plasma membrane fusion, suggesting that 
a component of the specificity in these processes may be 
regulated by the formation of these complexes. Mutagene- 
sis studies of the syntaxin component of the complex sug- 
gest a rigorous specificity in the VAMP-syntaxin interac- 
tion, relatively little specificity in the SNAP-25-syntaxin 
interaction, and little specificity in the formation of the het- 
erotrimer. The SNAP-25 binding domain is sufficient for 
formation of the trimeric complex between VAMP, SNAP- 
25, and syntaxin. Previous studies suggested that the in- 
teraction of SNAP-25 with syntaxin resulted in the forma- 
tion of a higher affinity VAMP binding site, and that VAMP 
does not simply "piggy back" on SNAP-25 to associate 
into the heterotrimeric omplex (Pevsner et al., 1994a). If 
this is in fact the case, the 30 residues between 191 and 
221 may be sufficient to form this higher affinity site. 
Analysis of our data, thus far, suggests that the dissocia- 
tion of the 20S complex requires the full-length cyto- 
plasmic domain of the syntaxin protein. This dissociation 
is likely to be the last energy-requiring step prior to the 
opening of the fusion pore and release of neurotransmitter. 
Perhaps the dissociation of the complex is accomplished 
by an NSF-catalyzed displacement of (zSNAP and VAMP 
from the H3 region by the amino-terminal H1 and H2 do- 
mains of syntaxin. This rearrangement would dissociate 
the complex while rearranging the SNAREs and driving 
membrane fusion. 
Formation of the complexes described above is subject 
to regulation that is not yet understood at a mechanistic 
level. This regulation is likely to involve Rab proteins as 
well as other factors (Sogaard et al., 1994; Rothman, 
1994). The state of the membranes following ATP hydroly- 
sis by NSF is also not yet known, and a major issue that 
remains to be determined is how the release of neurotrans- 
mitter is regulated by Ca 2+. Of course, these issues are 
likely to be related and may involve synaptotagmin and/ 
or other candidate regulators of the regulated secretory 
process (DiAntonio and Schwarz, 1994; Nonet et al., 1993; 
Geppert et al., 1994). Syntaxin has been suggested to 
bind both synaptotagmin and the n-type Ca 2+ channel 
(Bennett et al., 1992). Perhaps these interactions are sig- 
nificant in governing secretory events that are mediated 
through the formation of the complexes described in this 
study. Perhaps most importantly, the field is now in a posi- 
tion to begin to study the ways in which formation of these 
complexes can be modified to alter the probability of neu- 
rotransmitter release, a potiential mechanism of learning. 
Experimental Procedures 
Materials 
Restriction enzymes and DNA-modifying enzymes were from New En- 
gland Biolabs and Boehringer Mannheim. The enhanced chemilumi- 
nescence (ECL) system and 1251-labeled goat anti-rabbit secondary 
antisera were from Amersham. Nitrocellulose paper was from 
Schleicher & Schuell. pBluescript II SK(-) and R408 helper phage 
were from Stratagene. Materials for SDS-PAGE were from Bio-Rad. 
Glutathione-agarose, thrombin, and other chemicals were purchased 
from Sigma and U. S. Biochemicals. 
Preparation of Fusion Proteins 
GST fusion proteins of n-secl, SNAP-25, and VAMP were prepared 
as previously described (Pevsner et al., 1994a). His-tagged ~SNAP 
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and NSF were purified as described (S6llner et al., 1993b). Protein 
concentrations were estimated by Coomassie blue staining of protein 
bands after SDS-PAGE using bovine serum albumin as a standard. 
SDS-PAGE and Western Blotting 
Proteins samples were electrephoresed on 12.5% resolving SDS- 
polyacrylamide gels, transferred to nitrocellulose paper (0.2 pM), and 
probed with the following antibodies: affinity-purified anti-n-secl anti- 
serum (1:1000 dilution; Pevsner et al., 1994a, 1994b); HPC-1, a mono- 
clonal antibody specific for syntaxin ('~ :1000; Inoue et al., 1992); affin- 
ity-purified anti-SNAP-25 antiserum (1:1000 dilution; Oyler et al., 
1989); affinity-purified anti-VAMP antiserum (1:500 dilution; Pevsner 
et al., 1994a); and anti-aSNAP and anti-NSF antisera (both 1:5000; 
prepared in rabbit against gel-purified His-tagged fusion proteins). Pro- 
teins were visualized by ECL and/or by autoradiography using '~51- 
labeled goat anti-rabbit antibodies as the secondary antibody. Protein 
bands were quantitated by densitometry and/or phosphorimaging (Mo- 
lecular Dynamics). 
Construction of Syntaxin la Deletion Mutants 
Syntaxin la  deletion mutants were prepared by subcloning syntaxin 
restriction or PCR fragments into pGEX-KG (Pharmacia) and ex- 
pressed as GST fusion proteins in AB1699 cells. 
Site-Directed Mutagenesis of Syntaxin la 
cDNA coding for the full-length syntaxin la  cytoplasmic domain (syn 
1A11) was subcloned from pGEX-KG to pBluescript II SK(-). The con- 
struct was transformed into bacterial strain RZ1032 (ung- dut-) by 
electroporation and mutagenized by oligonucleotide-directed muta- 
genesis as described previously (Kunkel, 1985). The mutants were 
screened by restriction enzyme digestion and/or double-stranded DNA 
sequencing using a Sequenase kit (U. S. Biochemicals). Mutagenized 
syntaxin la  DNA inserts were subcloned into pGEX-KG, and GST 
fusion proteins were expressed in bacterial strain AB1899 (Ion). The 
fusion proteins were immobilized on glutathione-agarose beads for 
in vitro binding studies as previously described (Pevsner et al., 1994a, 
1 g94b). 
In Vitro Binding Assay 
Typical binding incubations consisted of 0.3-2 ~M GST fusion proteins 
bound to glutathione-agarose beads and 1-4 #.M soluble recombinant 
proteins in a total volume of 50 pl in 20 mM HEPES (pH 7.4), 150 mM 
potassium acetate, 0.05% Tween-20 (buffer A). After a 1 hr incubation 
at 4°C, the beads were washed once with 200 p~l of buffer A containing 
1 mg/ml gelatin, and twice with 200 pI of buffer A containing 5% glyc- 
erol. Proteins on the beads were solubilized in 8 #1 of sample buffer 
and subjected to SDS-PAGE and Western blotting. 
For ~SNAP binding to various GST fusion synaptic proteins, 1 #.M 
soluble His-tagged ~zSNAP was added to glutathione-agarose beads 
containing immobilized GST, full cytoplasmic domain of syntaxin la  
(GST-syn 1A11), full cytoplasmic domain of VAMP (GST-VAMP), or 
GST-SNAP-25 (1-2 pM for each protein). For the titration of ~SNAP 
binding to GST-syntaxin and GST-SNAP-25 fusion proteins, 0.3 pM 
syntaxin and 0.38 pM SNAP-25 were immobilized on glutathione 
beads, and increasing amounts of ~SNAP were added as indicated 
in the figures. Bound QSNAP was visualized by ECL and quantitated 
by densitometry. In Figure 1A, the pixel values from densitometrywere 
0, 1828, 8, and 33 for eSNAP bound to GST, syn 1Al l ,  VAMP, and 
SNAP-25, respectively, In Figure 1 B, the pixel values were 13, 27, 59, 
389, 1026, 1095, and 1162 for ~SNAP bound to syn 1Al l  (from left 
to right). In Figure 1C, the pixel values were 0, 0, 38, 406, 717, and 
843 for aSNAP bound to SNAP-25 (from left to right). 
For the syntaxin deletion mutant binding studies, soluble recombi- 
nant SNAP-25 (4 pM), ~SNAP (2.5 pM), VAMP (4 ~M), or n-secl (1 ~M) 
was added to GST-syntaxin deletion mutant fusion proteins (0.3 p.M) 
immobilized on the glutathione-agarose beads. Bound recombinant 
proteins were visualized and quantitated as described above. For dif- 
ferent deletion mutants (from top to bottom) in Figure 2, the pixel values 
from densitometry were 19, 19, 9, 417, 623, 797, 374, 644, and 24 
for bound SNAP-25; 0, 0, 0, 0, 1660, 1667, 1440, 846, and 0 for bound 
aSNAP; 0, 0, 0, 0, 0, 286, 557, 1097, and 0 for bound VAMP; and 0, 
0, 0, 84, 2447, 2037, 26, 114, and 0 for bound n-secl. 
For the syntaxin point mutant binding studies, soluble recombinant 
SNAP-25 (1.25 I~M), ctSNAP (1 #M), VAMP (2 I~M), or n-secl (1 #M) 
protein was added to GST-syntaxin point mutants (0.3 #M) immobi- 
lized on glutathione-agarose beads. Bound soluble recombinant pro- 
teins were visualized and quantitated as described above. For different 
point mutants (from top to bottom) in Figure 4, the pixel values from 
phosphorimaging were 555, 586, 672, 866, 754, 824, 875, 361, 143, 
712, and 640 for bound SNAP-25; 414, 53, 36, 23, 43, 25, 633, 23, 
15, 10, and 7 for bound aSNAP; 2613, 37, 17, 0, 0, 0, 0, 0, 0, 0, and 
0 for bound VAMP; and 1209, 460, 733, 457, 877, 121, 1142, 761, 
184, 302, and 96 for bound n-secl. 
Assembly and Disassembly of the 20S Complex In Vitro 
His-tagged eSNAP and NSF fusion proteins were prepared as de- 
scribed by S~511ner et al. (1993b). Soluble recombinant proteins of 
SNAP-25 and VAMP and GST-syntaxin fusion protein immobilized 
on glutathione-agarose beads were prepared as previously described 
(Calakos et al., 1994; Bennett et al., 1992), except that thrombin cleav- 
age was carried out in 20 mM HEPES (pH 7.4), 150 mM KCI, 2 mM 
CaCI2. All incubations were carried out in 20 mM HEPES (pH 7.4), 
150 mM KCI, 1 mM dithiothreitol, 1% polyethylene glycol 3350, 5% 
glycerol, 0.05% Tween-20 (buffer A). All soluble fusion proteins were 
preincubated with GST bound to glutathione-agarose beads for 0.5 
hr at 25°C prior to incubation with G ST-syntaxin beads to decrease the 
nonspecific binding of fusion proteins to GST or glutathione-agarose 
beads. To form the 20S complex, 0.3 pM GST-syntaxin fusion proteins 
(or GST as a control for nonspecific fusion protein binding) bound to 
glutathione-agarose beads were incubated with 1 pM SNAP-25, 2 I~M 
VAMP, 2 p.M ~SNAP, and 2 I~M NSF (tetramer) in 50 ~1 of buffer A 
containing 2 mM EDTA and either 0.5 mM ATP or 0.5 mM ATPyS for 
0.5 hr at 25°C. Following the incubation, the reaction mixture was 
incubated with 8 mM MgCI2 for 1 hr at 25°C or overnight at 18°C to 
dissociate the complex. Next morning, the beads were washed once 
with 200 ~.1 of buffer A containing 2 mM MgCI2, and twice with 200 ~.1 
of buffer A containing 1 mM EDTA at 25°C. Proteins on the beads 
were solubilized in 10 ~1 of sample buffer and subjected to SDS-PAGE 
and Western blotting. Protein bands were visualized by Ponceau S 
staining and ECL (Amersham), Quantitation of protein bands was car- 
ried out by densitometry (Molecular Dynamics). 
For 20S complex assembly and disassembly at 25°C in Figure 5, 
pixel values for bound NSF, ~SNAP, SNAP-25, and VAMP bound to 
syn 1A11 in the presence of ATPyS were 1592, 1487, 839, and 528, 
respectively; the pixel values for NSF, ~SNAP, SNAP-25, and VAMP 
bound to syn 1A11 in the presence of ATP were 362, 132, 768, and 
32, respectively. 
For 20S complex assembly and disassembly at 18 °C overnight, the 
pixel values for bound NSF, ~SNAP, SNAP-25, and VAMP were 0, 0, 
0, and 0, respectively, on syn 1A6 beads in the presence of ATPyS; 
0, 0, 0, and 0, respectively, on syn 1A6 beads in the presence of ATP; 
46, 0, 1340, and 1312, respectively, on syn 1A13 beads in the presence 
of ATPyS; 12, 0, 1312, and 1560, respectivly, on syn 1A13 beads in 
the presence of ATP; 295, 1071, 415, and 812, respectively, on syn 
1A17 beads in the presence of ATPyS; 198, 793,546, and 903, respec- 
tively, on syn 1A17 beads in the presence of ATP; 163, 1041,85, and 
691, respectively, on syn 1A11 beads in the presence of ATPyS; 92, 
331, 75, and 133, respectively, on syn 1Al l  beads in the presence 
of ATP; 319, 1419, 504, and 944, respectively, on syn 1A16 beads in 
the presence of ATPyS; and 357, 1542, 484, and 951, respectively, 
on syn 1A16 beads in the presence of ATP. 
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